) mimics channel dysfunction associated with catecholaminergic polymorphic ventricular tachycardia (CPVT) by acting competitively to reduce stabilizing interactions between the N-terminal and central domains. In the present study, DPc10 was used as a tool to establish an adult cell model of the disease and to analyse the underlying mechanisms. Methods: Rat ventricular myocytes were permeabilized with saponin and perfused with solutions approximating the intracellular milieu containing fluo-3. Sarcoplasmic reticulum (SR) Ca 2+ release was detected using confocal microscopy. DPc10 (10 or 50 HM) was compared with 0.2 mM caffeine, which is known to activate RyR2 and to facilitate Ca 2+ -induced Ca 2+ release (CICR). Results: Introduction of DPc10 induced a transient increase in spark frequency and a sustained rise in resting [Ca 2+ ]. Under conditions causing initial Ca 2+ overload of the SR, DPc10 reduced the frequency and amplitude of spontaneous, propagated Ca 2+ release (SPCR). Following equilibration with 10 HM DPc10, the cytosolic [Ca 2+ ] threshold for SPCR was markedly reduced and the proportion of spontaneously active cells increased. Caffeine induced a similar, transient increase in spark frequency and a reduction in the [Ca 2+ ] threshold for SPCR. However, unlike DPc10, caffeine increased SPCR frequency and had no sustained effect on resting [Ca 2+ ]. These results suggest that the net effect of DPc10 (and CPVT mutations) on RyR2 function in situ is not only to increase the sensitivity to CICR as caffeine does, but also to potentiate Ca 2+ leakage from the SR. As SPCR can trigger delayed after-depolarisations, the decrease in [Ca 2+ ] threshold may contribute to arrhythmias in CPVT patients during exercise or stress.
Introduction
Missense mutations in RyR2 have been implicated in a number of cardiomyopathies, including CPVT and type-2 arrhythmogenic right ventricular cardiomyopathy (ARVD2) [1] [2] [3] . Affected patients experience tachyarrhythmias during exercise or stress and are at increased risk of sudden cardiac death. The identified RyR2 mutations are clustered in the same three regions of the channel as the RyR1 mutations that underlie malignant hyperthermia (MH) and central core disease in skeletal muscle ( Fig. 1) [4] . Functional studies suggest that RyR mutations linked to MH, CPVT and ARVD2 exhibit increased sensitivity to agonists and enhanced CICR [5] [6] [7] [8] . This can readily explain the development of MH, where hypersensitivity of RyR1 to volatile anaesthetics leads to a sustained rise in [Ca 2+ ] i and subsequent contracture. However, the link between RyR2 mutations and myocardial dysfunction is less clear, as previous work suggests that facilitation of CICR induces only transient changes in systolic or diastolic Ca 2+ release [9, 10] . Indeed, this autoregulation of SR Ca release has led to the proposal that RyR2 modulators cannot induce maintained functional changes in cardiac cells [9] . A number of studies have characterised the properties of RyR2 mutations expressed in cultured cells. In HEK293 or HL-1 cells, RyR2 mutations associated with CPVT or ARVD2 exhibited increased sensitivity to activation by caffeine [7, 8] . In further studies, expression of RyR2 mutations associated with CPVT lowered the [Ca 2+ ] threshold for SPCR [11, 12] . However, it is not clear to what extent these results obtained in cultured cells are applicable to adult myocytes. Expression of both wild type and mutant channels was associated with an increase in the maximum SR/ER Ca 2+ content [7, 8] . This may have occurred due to compensatory changes in the expression of other proteins involved in Ca 2+ regulation (e.g. SERCA) [13] , which complicates interpretation of these data. The physiological regulation of RyR2 is also known to involve numerous accessory proteins, which may be absent in RyR-deficient cell lines. Finally, it is not known whether autoregulation of Ca 2+ release occurs in cultured cell models. Recent work has shown that the functional characteristics of specific RyR mutations can be induced by exposure to peptides corresponding to regions of the N-terminal or central domains (Fig. 1A) . Briefly, it has been proposed that (i) close contact between the N-terminal and central domains stabilizes the closed state of the channel and (ii) Fhyper- activation_ occurs because RyR mutations decrease the interaction between these domain pairs [14, 15] . Based on this proposal, a peptide containing the wild-type sequence would be expected to interact competitively to weaken the normal domain-domain interaction, thereby mimicking the disease state (Fig. 1B) . Of equal importance, a peptide containing a cardiac disease mutation should lack the ability to interact with the wild-type domain pair and have little effect on channel gating. In support of this hypothesis, a peptide corresponding to the Gly 2460 -Pro 2495 region of the RyR2 central domain (DPc10) enhanced ryanodine binding and increased the sensitivity of the channel to activating Ca 2+ in SR vesicles, while a similar peptide (DPc10-mut) containing a point mutation linked to CPVT was without effect [16] . In a more recent study, DPc10 decreased the systolic Ca 2+ transient in intact myocytes, consistent with SR Ca 2+ depletion [15] . However, it is not clear why such an effect should precipitate arrhythmias in CPVT patients.
In the present study, the effects of DPc10 and DPc10-mut were characterised in permeabilized ventricular myocytes. The effects of these peptides were compared with those of caffeine, which has been used widely to facilitate CICR and to study the properties of autoregulation. The results are considered in relation to CPVT and previous studies involving cultured cell models of the disease.
Methods

Myocyte isolation and permeabilization
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . Adult Wistar rats (220 -250 g) were sacrificed and ventricular myocytes isolated by collagenase digestion as described previously [17] . Cells were permeabilized by exposure to saponin (10 Hg/ml) in a mock intracellular solution for 6 min, before centrifugation and re-suspension. Unless otherwise stated, chemicals were obtained from the Sigma Chemical Corporation, UK.
Solutions
Permeabilized cells were perfused with weakly Ca 2+ -buffered solutions approximating to the intracellular milieu and SR Ca 2+ release was detected using fluo-3. Fig. 1 ). The peptides were cleaved and de-protected with 95% trifluoroacetic acid and purified by reversed phase high-pressure liquid chromatography.
Confocal Ca 2+ measurement
The apparatus used for [Ca 2+ ] measurement has been described previously [17] . Briefly, the cells were placed in a cylindrical bath (5mm diameter) in a Perspex block. The bottom of the bath was formed by attaching a coverslip to the underside of the block. A drop of solution containing cells was placed at the bottom of the bath and a tightly fitting Perspex column inserted into the well until the lower surface was close to myocytes resting on the coverslip. Perfusion was achieved by pumping solution (0.3 ml/min) down a narrow bore running longitudinally through the column.
The chamber was placed on the stage of a Nikon Diaphot Eclipse TE2000 inverted microscope and cells were viewed using a confocal laser-scanning unit (Microradiance, BioRad, Herts, UK) via a 60 Â water immersion lens (Plan Apo,NA 1.2). The dye was excited at 488 nm and emitted fluorescence was measured at >515nm. Image processing and analysis were done using IDL (Research Systems Inc., Boulder, CO, USA) and Laserpix (Bio-Rad, Herts, UK).
Data analysis and statistics
Data are presented as mean values T S.E.M. Statistical significance was determined using a paired t-test, except for the data shown in Fig. 5 , where a Chi-squared test was used. Significance levels were calculated using Origin (Microcal, MA, USA) software. p < 0.05 was considered significant.
Results
Effects of DPc10 or caffeine on spontaneous Ca
2+ sparks
The effects of DPc10 on Ca 2+ sparks were studied in permeabilized myocytes perfused with a solution containing 220 nM Ca 2+ and 0.36 mM EGTA. Under these conditions, the Ca 2+ buffer capacity is sufficient to prevent SPCR [18] . Line scan images were obtained under control conditions and during a subsequent 2min exposure to 50HM DPc10 ( Fig. 2A, upper) . In this example, occasional spontaneous Ca 2+ sparks were apparent under control conditions. Introduction of 50HM DPc10 caused a rapid increase in spark frequency, which peaked after approximately 30 s. During the following 90s exposure, the frequency returned towards the control level. Throughout exposure to 50 HM DPc10, spark amplitude declined (without a significant change in width), while the line scan image became brighter, consistent with a diffuse Ca 2+ leak from the SR. In contrast, 50 HM DPc10-mut had no significant effect on spark frequency ( Fig. 2A, middle) . Exposure to 0.2mM caffeine also induced a transient increase in spark frequency. However, unlike DPc10, there was no evidence of a sustained, diffuse rise in [Ca 2+ ]. Accumulated data showing the effects of DPc10, DPc10-mut and caffeine on the properties of Ca 2+ sparks and on resting [Ca 2+ ] is given in Fig. 2B . Spark frequency increased markedly within 5 s of exposure to 50 HM DPc10 and peaked after¨30 s. Thereafter, spark frequency decreased and was not significantly different from controls after 120 s. Throughout exposure to 50HM DPc10, spark amplitude declined and the duration increased slightly. Resting [Ca 2+ ] increased during exposure to 50 HM DPc10, although the rate of increase slowed markedly after 120 s, suggesting progression towards a new equilibrium state. The effects of 10 HM DPc10 were qualitatively similar, although the increase in spark frequency was less pronounced and the effects developed more slowly. In contrast, 50 HM DPc10-mut had no influence on resting [Ca 2+ ] or spark properties. Caffeine transiently increased the frequency of Ca 2+ sparks and the peak value similar to that induced by 10 HM DPc10, although the effect developed more rapidly and there was no sustained effect on resting [Ca 2+ ].
Effects of DPc10 or caffeine on SPCR
In the presence of 220 nM Ca 2+ and 0.05mM EGTA, permeabilized myocytes exhibited repeated SPCR. In the example shown in Fig. 3A Similar changes occurred following introduction of 10 HM DPc10, although SPCR was not abolished (upper right). In contrast, 50HM DPc10-mut had no effect on resting [Ca 2+ ] or SPCR (lower left). Introduction of 0.2mM caffeine was associated with a rapid decrease in the amplitude of the spontaneous Ca 2+ transients (lower right). However, caffeine increased the release frequency and had no apparent effect on resting [Ca 2+ ]. Accumulated data illustrating the effect of DPc10, DPc10-mut and caffeine on the frequency and amplitude of SPCR is shown in Fig. 3B . In the presence of 10HM DPc10, the frequency and amplitude decreased by 49.6 T 15.2% (n = 8) and 54.5 T 3.3% (n = 8) respectively. There was no significant effect of 50 HM DPc10-mut on either the frequency or amplitude of SPCR (n = 12, p > 0.05). Caffeine significantly increased the frequency and decreased the amplitude of ] and a decrease in the SPCR frequency. DPc10-mut had no effect on the frequency or amplitude of SPCR. 0.2mM caffeine increased the frequency and decreased the amplitude of SPCR, but had no effect on resting ] leak induced by DPc10. Increased SERCA activity is also suggested by the significantly larger (by 38.3 T 11.5%, n = 9, p < 0.05) undershoot in each Ca 2+ transient following introduction of 50HM DPc10(inset). This possibility was further investigated by exposure of the cells to 2HM cyclopiazonic acid (CPA), which is sufficient to partially inhibit SERCA [17] . Inhibition of SERCA will impair the ability of the SR to reaccumulate any Ca 2+ leak. Fig. 4A (lower right) shows a series of responses to rapid application of 20mM caffeine following equilibration with a solution containing 2 HM CPA. In this example, the CPA caused a small (¨13%) decrease in the caffeine-induced Ca 2+ transients (not shown). However, in the presence of CPA, introduction of 50HM DPc10 resulted in a profound decrease in the caffeine-induced response (Fig. 4A, lower  right) .
The cumulative data (Fig. 4B) show that the amplitude of the caffeine-induced Ca 2+ transient decreased by 8.5 T 1.9% (n = 6) and 21.3 T 4.1% (n = 6) in the presence of 10 and 50HM DPc10 respectively, while DPc10-mut was without effect. On average, 2 HM CPA or 0.2mM caffeine alone reduced the amplitude of the transients by only 13.8 T 2%, (n =5) or 7.6T 2% (n = 8) respectively. In combination, CPA and 0.2 mM caffeine, or CPA and 50 HM DPc10-mut 
Effects of DPc10 or caffeine on the threshold for SPCR
The effect of DPc10 on the [Ca 2+ ] threshold for SPCR was studied in permeabilized ventricular myocytes. Under control conditions, cells were exposed to stepwise increases in [Ca 2+ ] over the range 44-240nM (Fig. 5A) 2+ ] to 207 nM or 240 nM had no effect on the number of spontaneously active cells. In the presence of 10HM DPc10, the relationship was steeper and shifted towards lower [Ca 2+ ], while the maximum number of spontaneously active (Fig.  6A) . Introduction of DPc10 was associated with a similar, transient increase in Ca 2+ spark frequency, suggesting that the peptide may also facilitate CICR (Fig. 2) . Nevertheless, differences between the effects of DPc10 and caffeine suggest that modulation of CICR may not be the only action of the peptide. Unlike caffeine, DPc10 induced a sustained, diffuse increase in resting [Ca 2+ ]. As sparks reflect the synchronised activation of RyR2 clusters [19] , the diffuse release probably involves Ca 2+ efflux via smaller units, or single channels. The sustained nature of the diffuse release indicates that (i) it is not tightly dependent on the SR Ca 2+ content and (ii) it does not require self-reinforcement by CICR (which is subject to autoregulation). Thus, the binding of DPc10 likely initially increases spark frequency by sensitizing CICR, but the resulting SR Ca 2+ depletion gradually counteracts this action, leaving a tonic hyperactivating effect of the peptide.
Experiments on cells exhibiting SPCR also suggest such differences between the actions of caffeine and DPc10. SPCR occurs when the SR Ca 2+ content increases to a point where the gain of the CICR mechanism can support propagation between Ca 2+ release sites [20] . As described previously, introduction of 0.2mM caffeine increased the SPCR frequency and decreased the amplitude [10] . This can be explained if caffeine sensitizes the CICR mechanism, such that the threshold for release propagation occurs at a lower luminal [Ca 2+ ], resulting in a smaller transient. DPc10 also reduced the amplitude of the SPCR transient, consistent with a reduced threshold for propagated Ca 2+ release. However, unlike caffeine, 10 HM DPc10 decreased SPCR frequency and 50HM DPc10 abolished release completely. Importantly, this is unlikely to reflect the relative sensitization of CICR induced by caffeine and DPc10. Increasing the caffeine concentration above 0.2mM results in progressively higher frequency and lower amplitude Ca 2+ release events before eventual abolition of SPCR at levels >1 -2 mM [21] . Indeed, we have never observed a decrease in SPCR frequency with any intervention that facilitates CICR. However, a decrease in SPCR frequency can be induced by either partial inhibition of SERCA [17] or introduction of a Ca 2+ ionophore, which causes a sustained unregulated SR Ca 2+ leak (unpublished observations). Both of these interventions reduce the net Ca 2+ uptake rate, thereby increasing the time to reach the threshold for SPCR. This suggests that (i) the decrease in SPCR frequency induced by DPc10 is a consequence of the sustained, diffuse Ca 2+ leak and (ii) this latter phenomenon is not mediated by sensitization of CICR.
The existence of a substantial, sustained leak in DPc10 was also shown from the effects of SERCA inhibition. Although 50HM DPc10 reduced the caffeine-induced Ca 2+ transient by only 21.2%, this decrease in SR Ca 2+ content reflects the balance between the Ca 2+ leak and re-uptake via SERCA. After partial inhibition of SERCA, 50 HM DPc10 reduced the SR Ca 2+ content by >60%. In contrast, the combined effect of 0.2 mM caffeine and CPA reduced the SR Ca 2+ content by < 30% (Fig. 4) . The much smaller effect in the case of caffeine reflects the absence of a sustained release component and the fact that steady-state RyR2 mediated Ca 2+ leak is the same with the presence and absence of the drug (Fig. 6A) . In contrast, when the SR Ca 2+ fluxes approach a new steady-state following addition of DPc10, there is evidently a sustained increase in the RyR2 mediated Ca 2+ leak, which is balanced by an increased Ca 2+ uptake via SERCA, supported by a local rise in [Ca 2+ ] (Figs. 4 and 6B ).
The properties of the diffuse Ca 2+ leak appear consistent with single channel experiments on another CPVT mutant (R4497C), which exhibited enhanced Ca 2+ -independent basal activity [6] . The same study also reported an increase in the sensitivity of RyR2 to cytosolic Ca 2+ , which could contribute to the transient increase in spark frequency and the decrease in SPCR amplitude. More recently, it has been suggested that CPVT mutations exhibit enhanced CICR due to a primary defect in the regulation of RyR2 by SR luminal Ca 2+ [12] . However, given that regulation of RyR2 by cytosolic and luminal Ca 2+ are highly interdependent under physiological conditions, such a clear distinction may not be appropriate.
The cytosolic [Ca 2+ ] threshold for SPCR
In the present study, 0.2 mM caffeine induced a sustained decrease in the [Ca 2+ ] threshold for SPCR (Fig. 6 ). This is not at variance with previous studies suggesting that caffeine produces only transient effects on SR Ca 2+ regulation: Although systolic and diastolic Ca 2+ release return to control levels in the presence of caffeine, this is accompanied by a sustained decrease in the SR Ca 2+ content [9, 10] ] threshold for SPCR. Indeed, this effect was significantly greater than that which occurred with 0.2 mM caffeine, despite a similar potentiation of spark frequency (Fig. 2) , which is an index of CICR potentiation. One reason for the greater effect seen with DPc10 is that the accompanying diastolic Ca 2+ leak induced by DPc10 quite likely contributes to the overall effect of the peptide on spontaneous release. Recent data on RyR clusters, incorporated into lipid bilayers, suggest that Ca 2+ released by one RyR can facilitate the activation of neighbouring channels [22] . Therefore, in the present study, a tonic Ca 2+ leak mediated by some RyRs would be expected to influence the gating of neighbouring channels and in particular, their response to progressively rising levels of cytosolic [Ca 2+ ].
Clinical relevance and relationship to previous studies
Since the original proposal of the inter-domain hypothesis [14] , a number of independent studies have provided evidence that (i) interaction between the N-terminal and central domains in the clamp region of RyR2 regulates channel activity and (ii) binding of DPc10 to the N-terminal domain of RyR2 induces Funzipping_ of the central and Nterminal domains, which mimics the disease mutation [15, [23] [24] [25] . Therefore, the remaining discussion will assume that on binding DPc10, the gating characteristics of wildtype RyR2 channels are rapidly changed to that of the R2474S mutant (Fig. 1) .
Previous studies on intact cultured cells have shown that RyR2 mutations associated with CPVT increase the probability of SPCR in circumstances where extracellular Ca 2+ is raised [11, 12] . The present study supports and extends these conclusions by showing that DPc10 decreases the intracellular [Ca 2+ ] threshold for SPCR and the proportion of spontaneously active cells in an adult ventricular myocyte model, where the RyRs remain in situ and the normal features of autoregulation can be demonstrated. The ineffectiveness of DPc10-mut is of equal importance as it provides a direct link to abnormal Ca 2+ regulation in CPVT: DPc10 and DPc10-mut differ only in a single Arg 2474 to Ser 2474 substitution, suggesting that the corresponding CPVT mutation lacks the structural characteristics necessary for a strong interaction with the Nterminal domain. The use of cell permeabilization enabled the cytosolic [Ca 2+ ] to be controlled directly (as opposed to changing the extracellular [Ca 2+ ]), which simplifies interpretation of these data [11] . The rapid effect of the peptide also avoided complications associated with compensatory changes in protein expression, which have been shown to occur in cultured cell models [13] . Furthermore, the ability to use each cell as its own control revealed, for the first time, evidence of a sustained diastolic Ca 2+ leak, which persists despite autoregulation of Ca 2+ sparks. In addition to domain-domain interactions, proteinprotein interactions may play an important part in RyR2 abnormalities associated with cardiac disease. In particular, it has been proposed that in heart failure, PKA-mediated hyper-phosphorylation of RyR2 causes dissociation of FKBP12.6, resulting in abnormal Ca 2+ release and associated dysfunction [26] . Recent work suggests that unzipping of the N-terminal and central domains by DPc10 (or the R2474S mutation) is not associated with loss of FKBP12.6 per se [12, 15] . However, once destabilized by DPc10, hyper-phosphorylation of RyR2 may have a greater effect on FKBP12.6 dissociation, providing a possible link between the two mechanisms [15] . In the present study, PKA mediated phosphorylation was not altered and consequently, the effects of DPc10 are likely to reflect domain unzipping rather than loss of FKBP12.6.
Patients affected by CPVT are typically asymptomatic at rest, but exhibit arrhythmias in response to exercise or stress. The response to exercise or stress involves an increase in heart rate, diastolic cell length and h-adrenergic stimulation, all of which result in a net gain of [Ca 2+ ] i . The present study suggests that in patients with the R2474S RyR2 mutation, SPCR will occur at a lower [Ca 2+ ] i than normal. This is of clinical importance, because SPCR is known to activate a transient inward current, resulting in delayed after-depolarisations and triggered arrhythmias. This primary defect may be further exacerbated by the effects of h-adrenergic stimulation on regulatory proteins such as FKBP12.6 [15, 26] . Finally, when considering the design of drugs for the treatment of CPVT, the present study suggests that a useful approach may be to try to inactivate the sustained component of SR Ca 2+ release that was revealed using the peptide probe technique.
Conclusions
Both DPc10 and caffeine transiently increase the frequency of spontaneous Ca 2+ sparks and lower the cytosolic [Ca 2+ ] threshold for SPCR. However, unlike caffeine, DPc10 also induces a sustained Ca 2+ efflux from the SR, which seems likely to contribute to the effects of the peptide on SR Ca 2+ regulation. Given that DPc10 appears to mimic the R2474S RyR2 mutation, the increased propensity for SPCR would be expected to contribute to arrhythmias observed in CPVT patients during stress or exercise.
